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ABSTRACT 
 
 Invasive species often impact community structure and function differently in their 
introduced range than their native range. Understanding the mechanisms that drive the 
differences in ecological function of native and invasive species can provide valuable insight into 
the nature of trophic interactions, as well as the organization of natural communities. For 
example, Ampithoe valida, an epifaunal amphipod, is invasive to San Francisco Bay, California 
where it thrives at high densities and directly consumes eelgrass. However, in its native range of 
Chesapeake Bay, A. valida is found at low densities and preferentially consumes algae. This 
study manipulated amphipod density and source (e.g. native and introduced range), food type, 
and plant tissue origin in a series of experiments to determine if plant traits or animal traits are 
responsible for the differences in feeding patterns of A. valida across its native and invaded 
range. A linear mixed effects model was used to analyze the multiple-choice feeding preference 
experiments. This model framework is a novel and more powerful approach to analyzing food 
preferences as it provides a more flexible analysis than traditional methods, and accounts more 
rigorously for known sources of variation that traditional methods may incorrectly analyze. 
Contrary to expectations from field data, native A. valida consumed significantly more eelgrass 
than invasive A. valida under high mesograzer densities. Both native and invasive amphipods 
preferentially consumed eelgrass over Gracilaria spp. in the presence of conspecifics, while 
amphipods placed at low densities exhibited no preference for eelgrass. There was no evidence 
of increased palatability of Chesapeake Bay eelgrass to account for the increased consumption of 
eelgrass by native amphipods. However, native amphipods were significantly larger than 
invasive amphipods, and thus, consumption of eelgrass by native amphipods in these feeding 
experiments may be driven, in part, by their larger size.  
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 INTRODUCTION 
 
  Marine herbivores play a major role in determining the structure and function of marine 
benthic communities (Hillebrand, 2009; Poore et al., 2012). Seagrass beds worldwide harbor 
diverse assemblages of small, epifaunal invertebrates herbivores, known as mesograzers, 
including amphipods, isopods, and gastropods, which control the growth of micro- and 
macroalgae (van Montfrans et al., 1984; Valentine and Duffy, 2006; Duffy et al., 2013). These 
mesograzers are then consumed by a variety of small predators, including demersal fishes and 
decapod crustaceans (Orth et al., 1984; Teixeira and Musick, 1994). Due to their small size (<2.5 
cm), high abundance, short generation times, and high rate of secondary production, mesograzers 
likely play a key role in transferring primary production to higher trophic levels, including many 
commercially important fish species (Edgar and Shaw, 1995; Taylor, 1998; Duffy and Hay, 
2000; Jaschinski and Sommer, 2008). 
 Seagrasses are considered ecosystem engineers (sensu Jones et al., 1994) as they stabilize 
sediments and provide nursery habitat for many ecologically and economically valuable species 
(Beck et al., 2001; Heck et al., 2003). In addition to providing critical habitat for juvenile 
species, seagrasses shape food web structures and provide an important food source for marine 
herbivores (Orth et al., 2006). Further, they play a central role in altering water flow, nutrient 
cycling, improving water quality, and producing large quantities of organic carbon.  
Epifaunal grazers and seagrasses often exist in a mutualistic relationship, in which 
eelgrass provides structure which enhances mesograzer abundance, while mesograzers crop 
overgrowing epiphytic algae from seagrass beds (Orth et al., 1984; Duffy et al., 2013). 
Consumption of fast-growing algae releases seagrass from competition and promotes the 
availability of light and nutrients for seagrass growth and survival (van Montfrans et al., 1984). 
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By removing epiphytic algae that compete with seagrasses, mesograzers often facilitate 
seagrasses, and thus promote associated ecosystem services (Valentine and Duffy, 2006). 
Changes in the structure of food webs in seagrass beds, such as reduced mesograzer 
abundance, can impact the overall health and survival of seagrasses (Neckles et al., 1993). 
Specifically, alterations in mesograzer abundance can ultimately shift the competitive balance 
between seagrass and epiphytes, and can alter the flow of energy from lower trophic level 
species to higher trophic level species (Reynolds et al., in press). For example, Whalen et al. 
(2013) found that the removal of amphipods increases epiphyte biomass and as a result, 
significantly reduces the density of Zostera marina. The effect of amphipod grazing in benthic 
community organization can also be seen on other ecosystems. For example, Chess (1993) 
observed destruction of kelp beds along the western coast of the U.S. due to Peramphithoe 
styoptrupetes, a stipe-boring amphipod. Additionally, Lewis and Anderson (2012) found that the 
removal of predatory fishes increased mesograzer abundance by 30-1000% and as a result, 
decreased eelgrass production by 50%. Though mesograzers are often beneficial to seagrass 
beds, predatory fishes can play a central role in suppressing seagrass-harming epifauna that 
directly consume eelgrass, rather than epiphytic algae. 
Similar to modifications in food web structures, invasive species can often influence 
community structure and dynamics by altering trophic interactions among organisms (Byrnes et 
al., 2007; Molnar et al., 2008). Specifically, invasive species can dominate and outcompete 
native fauna, thereby reducing biodiversity and ecosystem productivity (Bax et al., 2003). The 
effects of non-native species can be seen in seagrass meadows worldwide. For example, 
Gracilaria vermiculophylla is an invasive macroalga that is invading estuaries globally 
(Martinez-Luscher and Holmer, 2010). Martinez-Luscher and Holmer (2010) identified negative 
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effects of G. vermiculophylla on seagrass metabolism and survival, in which increased algal 
cover leads to significant declines in Z. marina. 
 The European green crab, Carcinus maenas, can also have negative effects on the 
structure of seagrass beds. The green crab was introduced to the Atlantic coast of North America 
in 1817 and was found in San Francisco Bay in 1990 (Cohen and Carlton, 1995). The green crab 
commonly inhabits eelgrass beds and has significantly reduced the density of the amphipod 
Corophium spp., along with other native clams and mussels. Davis et al. (1998) identified 
significant declines in eelgrass due to the green crab, most notably by damaging eelgrass shoots. 
Understanding the role of invasive species in seagrass beds is essential for effective conservation 
of native meadows and their associated ecosystem services. 
Ampithoe valida is an example of an invasive mesograzer that profoundly affects the 
structure of seagrass beds. This mesograzer is an herbivorous amphipod endemic to the U.S. 
Atlantic Coast, ranging from New Hampshire to the Chesapeake Bay (Reynolds et al., 2012) and 
is also found on the west coast of North America (Cohen and Carlton, 1995). Across its range, A. 
valida builds and lives in tubes on algae and eelgrass, and can be found on oyster beds along the 
Atlantic coast (Cohen and Carlton, 1995). This amphipod commonly inhabits algae in shallow 
water to depths of a few meters (Bousfield, 1973). 
In Chesapeake Bay, A. valida is found at very low densities relative to other common 
grazers, such as Caprella penantis and Gammarus mucronatus (Douglass et al., 2010). There, it 
consumes epiphytic algae growing on eelgrass (Zostera marina) as well as common macroalgae 
including Ulva sp. and Gracilaria spp. (Reynolds et al., 2012). In contrast, A. valida was first 
recorded in San Francisco Bay in 1941 and is classified as an invasive species in this estuary 
(Cohen and Carlton, 1995) where it consumes large quantities of eelgrass (Reynolds et al., 2012). 
 
 
5 
This invasive amphipod is now found from Newport Bay, California to Puget Sound, 
Washington. A. valida was likely introduced into San Francisco Bay through oyster shipments 
from the Atlantic coast or it arrived in ballast water (Cohen and Carlton, 1995). The densities of 
A. valida in San Francisco Bay are an order of magnitude larger (Reynolds et al., 2012) than in 
Chesapeake Bay (Douglass et al., 2010).  
The functional role of A. valida in shaping the structure and function of seagrass beds 
differs across its native and invasive ranges potentially as a result of varied food preferences of 
the mesograzer. For example, in 2012, damage to seagrass meadows in San Francisco Bay was 
associated with high densities of the non-native A. valida (Reynolds et al., 2012). Recent studies 
have found that this amphipod can consume large quantities of the native seagrass, Z. marina, in 
San Francisco Bay (Reynolds et al., 2012). In contrast, there is no evidence to suggest that A. 
valida consumes the same seagrass in Chesapeake Bay or other regions in its native range. 
Specifically, Reynolds et al. (2012) identified that, when given a choice, non-native A. valida 
preferentially consumed seagrass from its invasive range in San Francisco Bay than in its native 
range in Chesapeake Bay. Further, Reynolds et al. (2012) found that the non-native mesograzer 
preferred to consume the structurally complex, reproductive tissues of Z. marina in San 
Francisco Bay thereby leading to a reduction in seed production. The preference for reproductive 
leaves can have long-term effects on seagrass meadows in San Francisco Bay, as A. valida at 
relatively low densities in San Francisco Bay (1300 ind. m-2) can consume all of the available 
seeds in a seagrass meadow within 1 to 3 weeks (Reynolds et al., 2012). As a result, the 
meadow’s overall fitness and ability to resist disturbance or stress were reduced, thereby 
impacting the ecosystem services provided by these seagrass meadows. 
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Mesograzers, such as A. valida, have been identified to have a positive, neutral, or 
negative effect on macrophytes depending on grazer identity and/or abundance (Duffy and 
Harvilicz, 2001; Jaschinski and Sommer, 2008; Douglass et al., 2011). For example, Idotea 
baltica directly consumed eelgrass when other resources were low (Duffy et al., 2003), whereas 
Rissoa membranacea promoted eelgrass growth by consuming epiphytic algae (Jaschinski and 
Sommer, 2008). The differences in densities of A. valida across its native and invasive ranges 
may explain the variation in food preference and thus, the functional role of A. valida in seagrass 
beds.  
To distinguish between the functional role of A. valida in its native and introduced range, 
I evaluated the relative importance of plant traits versus amphipod traits in determining A. 
valida’s food preference. Specifically, I tested the role of density on A. valida’s feeding patterns 
by conducting pairwise-choice feeding experiments, in which A. valida from Chesapeake Bay 
and San Francisco Bay were placed at high and low densities and were fed both local seagrass 
and macroalgae. I also varied the source of the seagrass to evaluate whether palatability 
differences across east coast and west coast seagrass or attributes of the amphipods (e.g., size 
differences) may contribute to A. valida’s food preference. Overall, this study aimed to:  
(1) Determine if amphipod density impacts the total amount of food consumed and/or 
food preference. 
(2) Determine how these differences in feeding behavior compare across the native and 
invasive population of A. valida when presented with food from their native and 
introduced ranges. 
(3) Ultimately, identify whether food preference is due to plant traits (e.g. 
            palatability differences) or amphipod traits (e.g. size differences). 
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Based on recent studies that identified high densities of A. valida in San Francisco Bay coupled 
with direct grazing on eelgrass, I hypothesized that higher densities of A. valida will increase Z. 
marina consumption in both its native and invasive ranges. With the global decline in seagrasses 
(Orth et al., 2006), understanding the role of mesograzers, such as amphipods, and the conditions 
under which they promote or suppress eelgrass productivity across their native and invasive 
ranges, has important implications for conservation of seagrass beds. Further, understanding the 
interaction of plant and animal attributes as driving the functional role of herbivores across their 
native and invasive ranges can provide valuable insight into invasion processes, natural trophic 
interactions, and ecosystem dynamics. 
 
MATERIALS AND METHODS 
Study site 
 The study was conducted in the York River estuary, Chesapeake Bay, Virginia during 
June 2013 and San Francisco Bay, California during July 2013. Chesapeake Bay is a large, 
partially-mixed estuary with an average tidal range of approximately 0.6 m and an average depth 
of 7 m (Baird and Ulanowicz, 1989). The portion of the York River from which specimens were 
collected is classified as polyhaline (>18 ppt) and has an average surface water temperature of 
28°C during the summer (Moore and Jarvis, 2008).  
San Francisco Bay is a large estuary comprised of hydrologically distinct sub-estuaries 
(Conomos et al., 1985). The northern portion of San Francisco Bay is a partially-mixed estuary 
with an average tidal range of approximately 1.5 m and an average depth of 6 m. This area is 
classified as polyhaline (~29 ppt) and has an average surface water temperature of 20°C during 
the summer. 
 
 
 
8 
Collection of Animals and Plants 
Ampithoe valida (hereafter “amphipods”) were collected from flow-through tanks at the 
College of William and Mary’s Virginia Institute of Marine Science located on the York River 
(Figure 1) during June 2013 and from San Francisco State University’s Romberg Tiburon Center 
for Environmental Studies located near Bay Farm Island, San Francisco Bay (Figure 1) during 
July 2013.  
Approximately 250 adult male and female amphipods were collected from each site, 
primarily from green algae (Ulva lactuca). Clumps of algae were placed in buckets of seawater 
and sorted in the laboratory by hand for amphipods. Amphipods were immediately placed in 
aerated buckets filled with 150 µm filtered seawater and were stored in the laboratory at low 
densities (5 amphipods gallon-1) with U. lactuca as a food source.  
(i) Amphipod density experiment: Zostera marina was collected from Goodwin 
Islands, Chesapeake Bay (37°12’N, 76°23’W; Figure 1) and from Bay Farm Island, San 
Francisco Bay (37°43’N, 122°14’W; Figure 1). For the purposes of this experiment, Gracilaria 
spp. (a mixture of common macroalgae that likely contains both Gracilaria verrucosa and 
Gracilaria foliifera) was collected only from Goodwin Islands due to limited availability of 
Gracilaria spp. from Bay Farm Islands, California.  
(ii) Seagrass origin experiment: Z. marina was collected from three sites within 
Chesapeake Bay and the Delmarva Peninsula and three sites within San Francisco Bay. Sites 
within Chesapeake Bay included Goodwin Islands (37°12’N, 76°23’W), and on the Bay side of 
the Delmarva, Cape Charles (37°16’N, 76°1’W), and on the ocean side of the Delmarva, South 
Bay (37°15’N, 75°48’W; Figure 1). Sites within San Francisco Bay included, Bodega Bay 
(38°12’N, 123°3’W), Bay Farm Island (37°43’N, 122°14’W), and Tomales Bay (38°8’N, 
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122°52’W; Figure 1). Gracilaria spp. was collected only from Bay Farm Islands for the purposes 
of having a common source of algae across all replicates, while only varying the source of 
eelgrass.  
For both the amphipod density experiment and seagrass origin experiment, Z. marina and 
Gracilaria spp. were collected during June 2013 for the Virginia experiments and were collected 
during July 2013 for the California experiments. All plant material was shipped overnight in wet 
paper towels to the experimental site and was stored separately in outdoor flow-through tanks 
with filtered seawater and shade screens.  
 
Amphipod density experiment 
 To assess the effect of amphipod density on eelgrass preference, I conducted pairwise-
choice feeding experiments in Virginia and California. Specifically, local amphipods were 
placed at low densities (1 amphipod, no competition) and high densities (5 amphipods, 
competition) with two food choices: local Z. marina and Virginia Gracilaria spp. I also included 
a no-amphipod control against which to measure grazing impact. 
To prepare plant material for the experiments, the longest, healthiest shoot of Z. marina 
was cut into three pieces (4 cm, ~50 mg each), rinsed in freshwater, and weighed. All pieces 
were cut above the sheath and were only included if there was no fouling or visible evidence of 
wasting disease (e.g., dark spots or streaks). Similarly, Gracilaria spp. from the same shoot was 
cut into three pieces (4 cm, ~50 mg each), rinsed in freshwater, and weighed. During the 
California experiment, Z. marina was cut into 2 cm pieces (~50 mg each) due to its substantially 
greater width. Specifically, California eelgrass had an average width of 0.796 cm ± 0.02, while 
Virginia eelgrass had an average width of 0.373 cm ±  0.01 (Table 1). 
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For each experiment, 30 replicates of a control, low density, and high density container 
were used (9 cm diameter, 250 mL volume). Within replicates, plant material came from the 
same parent plant (e.g., one shoot of Z. marina was cut 3-ways and each piece was randomly 
placed into a control, low density, or high density container). As a result, control replicates 
contained 1 piece of local Z. marina and 1 piece of Gracilaria spp., low density replicates 
contained 1 piece of the same local Z. marina, 1 piece of Gracilaria spp., and 1 local amphipod, 
and high density replicates contained 1 piece of the same local Z. marina, 1 piece of Gracilaria 
spp., and 5 local amphipods (Figure 2). All containers were filled with 120 mL of 150 µm 
filtered seawater from the local site.  
Experiments were conducted in temperature-controlled rooms (~23° C) with 60% relative 
humidity and no ambient light in order to minimize plant growth during the experiments. 
Containers within a replicate were randomly positioned to account for variation in light and 
airflow. Containers were checked twice daily for amphipod deaths and molts. All molts were 
removed throughout the experiment and dead amphipods were replaced with live amphipods. 
Each experiment ended when on average, 50% of a food source was visibly consumed across all 
low density and high density containers (Virginia experiment: ~39 hours, California experiment: 
~22 hours). All remaining plant material was blotted dry and reweighed.  
 
Seagrass origin experiment 
 To determine if food preference is determined by differences in the amphipod or plant 
material, I conducted pairwise-choice feeding experiments in which local amphipods were 
placed at low densities (1 amphipod, no competition) and were fed both local or foreign Z. 
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marina and California Gracilaria spp. An amphipod-free control with both food choices present 
was used to measure A. valida’s grazing impact. 
 Plant tissue was prepared as described in methods for the amphipod density experiment 
with the following modifications. During the California experiment, 30 replicates of each Z. 
marina source (6 sites total) and California Gracilaria spp. were placed into containers (9 cm 
diameter, 250 mL volume) divided using 500 µm mesh, allowing for the control and treatment to 
be in the same container. During the Virginia experiment, 20 replicates of each eelgrass source 
were used due to the limited availability of Virginia amphipods. Aquarium-grade silicone and 
mesh were used to split containers in half, preventing amphipod movement between the control 
and treatment. Here, amphipods had a choice between 1 piece of eelgrass (local or foreign) and 1 
piece of algae. As a result, the control portion contained 1 piece of Z. marina and 1 piece of 
Gracilaria spp., while the treatment portion contained 1 piece of Z. marina, 1 piece of 
Gracilaria spp., and 1 amphipod (Figure 3). Note that, as in the first experiment, Z. marina and 
Gracilaria spp. within a treatment and control came from the same parent plant. All containers 
were filled with 120 mL of 150 µm filtered seawater from the local site. Experiments were 
conducted in temperature-controlled rooms and ran as described in the methods for the amphipod 
density experiment  (Virginia experiment: ~32 hours, California experiment: ~51 hours). 
 
Amphipod measurements 
 At the end of the amphipod density experiment, all amphipods within randomly chosen 
replicates (~30 amphipods total, ~6 replicates) were preserved in 70% ethanol for gender 
identification and length measurements. Only a portion of the available amphipods was 
preserved for length measurements in order to re-use remaining amphipods in additional 
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experiments, due to the scarcity of this species at the Virginia sites. Gender was identified by the 
presence of enlarged male gnathopod and was accounted for to ensure that there was no bias in 
the amount of plant material consumed across containers, as male and female amphipods might 
have differential feeding rates (e.g. Poore and Steinberg, 1999). Amphipods were photographed 
(100x magnification) and subsequently measured digitally with Adobe Illustrator against a stage 
micrometer. Size was defined as the distance from the anterior region of the head, at the rostrum, 
to the distal tip of the telson (as described by Quigley and Lang, 1989).  
 
STATISTICAL ANALYSIS  
 Two alternative approaches were used to analyze the results from the amphipod density 
experiment and the seagrass origin experiment in R version 0.98.501 (R Development Core 
Team 2013), including a traditional ANOVA analysis and a more sophisticated linear mixed 
effects model. Generally, ANOVA have been used to analyze multiple-choice food preference 
experiments in the past (Hay et al., 1988); however, this method has several shortcomings that 
linear mixed effects models address. Specifically, mixed models rigorously account for known 
sources of variation and the non-independence of the treatments (e.g. the different food choices), 
and can obtain effect sizes of the interacting factors that determine A. valida’s food preference.  
 
Data removed from analyses 
For the amphipod density experiments, low density treatments with >1 death and high 
density treatments with >2 deaths from each site were removed from the analysis, as they no 
longer accurately represent the intended treatments. In the Virginia experiment, this represented 
N=14 and N=19 replicates, respectively. No replicates needed to be removed from the California 
experiment due to the lack of mortality of California amphipods during the experiment. 
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Similarly, in the seagrass origin experiments, treatments with >1 death were removed from 
analyses. This represented N=33 replicates in the Virginia experiment and N=2 in the California 
experiment. 
 
(i) Amphipod density experiment 
Amphipod genders and length measurements 
 I used a two-sample Welch’s t-test to account for potential differences in population-level 
variances to determine significant differences in length of California amphipods and Virginia 
amphipods. The number of male amphipods was divided by the total number of amphipods to 
determine the proportion of males in the Virginia and California experiment. 
 
Proportional change in mass 
 To determine the mean amount of plant material consumed during the experiments, the 
proportional change in mass under control, low density, and high density conditions was 
calculated using the following equation: 
 
Proportional change in mass = Final mass - Initial massInitial mass  
 
where initial mass was the mass of each plant tissue prior to the experimental run and final mass 
was the mass of each plant tissue after the experimental run. Thus, the response can be 
interpreted as the percent change in mass of the macrophyte (Z. marina or Gracilaria spp.). 
 
ANOVA analyses 
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 An autogenic change index takes into account the variation in natural growth and decay 
of plant material through the use of a correction factor. To quantify the amount of Z. marina and 
Gracilaria spp. consumed under low and high amphipod densities the following equation was 
used: 
Estimated amount consumed = Tf
Cf
Ci
!
"
#
$
%
&−Ti
 
 
where Tf and Ti represented the final (f) and initial (i) mass of the plant tissue subject to grazing 
and Cf and Ci represented the final (f) and initial (i) mass of the control plant tissue (as described 
by Sotka et al., 2003).  
 I fit two-way ANOVAs to the estimated amount of plant material consumed in order to 
determine whether the amount of eelgrass consumed relative to total consumption varied as a 
function of low and high amphipod densities and/or whether animals were Virginia or California 
amphipods: 
 
Estimated eelgrass consumption
Estimated eelgrass consumption + Estimated Gracilaria consumption ~ Amphipod source*Amphipod density + ε
 
 
Factors included in the analysis were (i) amphipod source: Virginia or California, (ii) amphipod 
density: low density (1 amphipod) or high density (5 amphipods), and (iii) the interaction 
between amphipod source and density. Because replicates were removed from the analysis and 
this interaction was of particular interest, I used Type III sums-of-squares to account for an 
unbalanced design (Hector et al., 2010). The assumptions of normally distributed errors and 
constant variance were assessed visually and no violations were found. 
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Mixed model analyses 
Traditional ANOVA does not accurately analyze multiple-choice food preference 
experiments because it fails to incorporate the non-independence of the treatments, violating  
basic assumptions for the test (Peterson and Renaud, 1989). Additionally, as Peterson and 
Renaud (1989) suggest, incorporating autogenic change into the ANOVA framework non-
rigorously suppresses the variation observed in the controls and ultimately overstates the level of 
statistical significance of the presence of a food-choice preference. A mixed model approach 
provides a more powerful analysis and is superior to ANOVA on several counts: (1) mixed 
models provide both tests of treatment significance and estimates of effect size, which allows 
researchers to understand the magnitude change in the response and ultimately the biological and 
ecological significance of any treatment effects; (2) the random term accounts for the potential 
non-independence of the response stemming from being in the same container and/or coming 
from the same parent plant; and (3) maximum-likelihood estimation provides less biased 
estimates of treatment effects compared to ordinary least squares estimation, particularly for an 
unbalanced design (e.g. differing number of replicates).  
In addition to two-way ANOVAs, I fit the proportional response to a general linear mixed 
effects model using maximum-likelihood estimation (Quinn and Keough, 2002): 
 
Final mass - Initial mass
Initial mass
!
"
#
$
%
&  ~ Amphipod source*Plant species*Amphipod density
                                           + (1|Plant source/Parent plant) + (1|Container) + ε
 
 
Specifically, fixed factors, or the treatments of interest, were (i) amphipod source: Virginia and 
California, (ii) plant species: Z. marina and Gracilaria spp., and (iii) amphipod density: 0, 1, and 
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5. Sources of random variation were (i) parent plant: random variation in growth and decay 
associated with the parent shoot from a particular source and (ii) container: non-independence of 
Z. marina and Gracilaria spp. within a particular container. The response measured was the 
scaled change in mass of plant material prior to the start of the experimental run and at the end of 
the experimental run. Note that random factors were assumed to have fixed slopes, i.e., the effect 
of amphipod density was considered to be the same the same across all containers within a 
treatment (regardless of the initial amount of plant material). However, the intercept was allowed 
to vary by container, acknowledging that the effect size may be dependent on the initial amount 
of plant material in each cup. 
 
(ii) Seagrass origin experiment 
 The seagrass origin experiment was analyzed the same way as the amphipod density 
experiment, with the following modifications:  
(1) Two-way ANOVAs determined whether the amount of eelgrass consumed relative to 
total consumption varied as a function of amphipod presence and/or whether eelgrass came from 
a particular location: 
 
Estimated eelgrass consumption
Estimated eelgrass consumption + Estimated Gracilaria consumption ~ Amphipod source*Plant source sub-site + ε
 
 
Factors included in the analysis were (i) amphipod source: Virginia or California, (ii) Plant 
source sub-site: California sub-sites: Bodega Bay, Bay Farm Island, Tomales Bay; Virginia sub-
sites: Cape Charles, Goodwin Island, South Bay, and (iii) the interaction between amphipod 
source and plant source sub-site. The response measured was the proportion of eelgrass 
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consumed relative to total plant material consumption. Test assumptions were assessed visually 
and no violations were found. 
(2) A linear mixed effect model determined the effect of varied Z. marina sources on A. 
valida’s eelgrass consumption: 
 
Final mass - Initial mass
Initial mass
!
"
#
$
%
& ~ Plant species*Plant source*Amphipod source*Amphipod presence
                                           + (1|Plant source sub-site) +(1|Container) + ε
 
 
The response measured was the scaled change in mass of plant material prior to the start of the 
experimental run and at the end of the experimental run. Fixed factors were (i) plant species: Z. 
marina and Gracilaria spp., (ii) plant source: Virginia and California (iii) amphipod source: 
Virginia and California, and (iv) amphipod presence: amphipod absence (0 amphipods) or 
amphipod presence (1 amphipod). Random factors, including sources of random variation, were 
(i) plant source sub-site: random variation in growth and decay associated with eelgrass from a 
particular sub-site (California sub-sites: Bodega Bay, Bay Farm Island, Tomales Bay; Virginia 
sub-sites: Cape Charles, Goodwin Island, South Bay) and (ii) container: non-independence of Z. 
marina and Gracilaria spp. within a particular container.  
 
RESULTS 
 
(i) Amphipod density experiment 
Amphipod genders and length measurements 
 Virginia amphipods were significantly larger than amphipods from California  
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(t63.043 = -3.743, p < 0.001; Table 2). The average length of amphipods used in the Virginia 
experiment was 9.22 mm ±  0.36, and the proportion of males used was 0.52. The average length 
of amphipods used in the California experiment was 7.36 mm ±  0.34, and the proportion of 
males used was 0.58.  
 
Proportional change in mass 
 Both Virginia and California amphipods consumed more Z. marina in the high density 
treatment; however, there appeared to be a greater proportional change in mass of Z. marina in 
Virginia relative to California (Figure 4). Specifically, there was nearly 2.5x greater proportional 
consumption of eelgrass by Virginia amphipods than California amphipods (Table 3). At low 
densities, there appeared to be no preference for Z. marina versus Gracilaria spp. by Virginia or 
California amphipods (Figure 4). Eelgrass and Gracilaria spp. lost plant mass under control 
conditions, indicative of natural plant mass decomposition during the experiments.  
 
ANOVA analyses 
 There was a significant main effect of grazer density (F1,74 = 7.771, p <0.01) on the 
relative proportion of eelgrass consumed, meaning that when more amphipods were present, 
there was increased consumption of plant material. However, the proportion of eelgrass 
consumed by Virginia and California amphipods was not dependent on amphipod source (F1,74 = 
0.279, p = 0.599). Specifically, a higher proportion of eelgrass was consumed at high amphipod 
densities than at low amphipod densities, but was not dependent on whether the amphipod came 
from Virginia or California. Additionally, there was no significant 2-way interaction of 
amphipod source and grazer density on the relative proportion of eelgrass consumed (F1,74 = 
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0.054, p = 0.816), meaning that the relative proportion of eelgrass consumed by Virginia and 
California amphipods at high densities was similar (Table 4).  
 
Mixed model analyses 
 There was a significant main effect of grazer density (t214.58 = -4.561, p <0.0001), in 
which the total amount of plant material consumed was greatest when more amphipods were 
present. Further, there was a significant interaction of eelgrass consumption and high amphipod 
densities (t213.53 = -2.074, p <0.05), meaning that when more amphipods are grazing, there is a 
significant preference for eelgrass over Gracilaria spp. There was a significant 3-way interaction 
effect of amphipod density, amphipod source, and type of plant consumed (t213.53 = -3.941, 
p<0.001). Specifically, Virginia amphipods consumed 31% (±8%) more eelgrass than California 
amphipods, and the preference for eelgrass was evident when there were more amphipods 
grazing (Figure 4, Table 5). 
 
(ii) Seagrass origin experiment 
Proportional change in mass 
When pooling data from all eelgrass source sub-sites, both Virginia and California 
amphipods consumed eelgrass; however, Gracilaria spp. appeared to be the preferred food 
choice (Figure 5). This trend was also evident when sub-sites were examined individually, in 
which eelgrass grew less in the presence of either a California amphipod or Virginia amphipod 
(Table 6). However, Gracilaria spp. appeared to be preferentially consumed by both Virginia 
and California amphipods over eelgrass at each location (Figure 6). Across all locations, eelgrass 
showed no change or a gain in mass, while Gracilaria spp. lost mass (e.g., plant decay) under 
control conditions.  
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ANOVA analyses 
There was no significant main effect of amphipod source (F1,245 = 0.203, p = 0.653) on 
the relative proportion of eelgrass consumed, meaning that there was no difference in the amount 
of eelgrass consumed by Virginia amphipods and California amphipods. Additionally, there was 
no significant main effect of eelgrass source sub-site (F5,245 = 0.389, p = 0.856), in which 
Virginia and California amphipods had no preference of eelgrass from a specific sub-site. 
Further, there was no significant 2-way interaction of amphipod source and eelgrass source sub-
site (F5,245 = 1.043, p = 0.393), meaning that the amount of eelgrass Virginia and California 
amphipods consumed from each sub-site was similar (Table 7).   
 
Mixed model analyses 
 There was a significant main effect of amphipod source (t1007.20 = 3.023, p <0.01; Table 
8), in which the total amount of plant material (Gracilaria spp. and eelgrass) consumed was 
greatest when amphipods came from California than from Virginia. However, there was no 
significant interaction of eelgrass source and amphipod presence (t981.40 = 0.053, p = 0.958), 
meaning that when amphipods are present, there is no preference for Virginia or California 
eelgrass. Further, Gracilaria spp. was preferentially consumed over eelgrass when amphipods 
were present (t981.40 = 7.713, p <0.0001). 
 
DISCUSSION 
  
My experiments demonstrated that at high amphipod densities, native and invasive A. 
valida preferred eelgrass to Gracilaria spp.; however, eelgrass was not the preferred food choice 
when A. valida were placed at low amphipod densities. Further, native A. valida consumed 
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significantly more eelgrass than invasive A. valida at high densities. This study also suggests that 
A. valida’s food preference is largely driven by amphipod traits, rather than plant palatability 
differences. Differences in amphipod attributes, such as size, and varied densities likely 
contribute to the varied functional role of A. valida across its native and invasive range. 
The amphipod density experiment suggests that when one amphipod is present, there is 
no preference for either Z. marina or Gracilaria spp.; however, the seagrass origin experiment 
suggests that in the presence of one amphipod, Gracilaria spp. is preferentially consumed. The 
different results may be due, in part, to a larger sample size in the seagrass origin experiment. 
Since previous studies have identified A. valida’s strong preference for algae, even in the 
presence of eelgrass (Reynolds et al., 2012), the seagrass origin experiment may provide a more 
accurate representation of A. valida’s true feeding patterns at low densities. Additionally, the 
seagrass origin experiment was conducted first and as a result, plant material used in the 
amphipod density experiment may have started to decay. When choosing between algae and 
decaying eelgrass, A. valida may have increased eelgrass consumption, leading to the lack of 
preference among algae and eelgrass observed in the amphipod density experiment.  
The results of the amphipod density experiments are surprising as they differ from recent 
studies that identified high densities of A. valida in San Francisco Bay coupled with direct 
consumption of eelgrass (Figure 4; Reynolds et al., 2012). Specifically, Reynolds et al. (2012) 
identified a significant consumption of eelgrass even in the presence of Gracilaria spp.; 
however, Gracilaria spp. was the preferred food choice. In contrast, no studies to date have 
identified direct grazing of eelgrass by A. valida in its native range (Reynolds et al., 2012).  
 Animal traits, such as differences in amphipod sizes, likely contribute to the different 
feeding behaviors exhibited by A. valida across its native and invasive range.  Virginia 
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amphipods were significantly larger than California amphipods in the amphipod density 
experiment, which may have resulted in the observed increase in eelgrass consumption by native 
A. valida. Kleiber (1947) first identified the positive correlation between body size and metabolic 
rate, in which larger organisms consume more food than smaller organisms. Native A. valida 
may have increased sizes in comparison with invasive A. valida, in part, due to differences in 
water temperatures across Chesapeake Bay and San Francisco Bay. For example, in the warm 
waters in Chesapeake Bay, A. valida may have increased metabolic rate in comparison with the 
metabolic rate of A. valida in San Francisco Bay, leading to its larger size. However, I was 
unable to determine if Virginia amphipods were larger than California amphipods in subsequent 
experiments due to the limited availability of A. valida. It is important to note that Virginia 
amphipods had increased mortality rates in comparison with California amphipods; however, this 
may be attributed to the increased size of Virginia amphipods. For example, larger amphipods 
may be more stressed in a small container in comparison to smaller amphipods. Additionally, 
naturally high densities of A. valida in California may have also contributed to decreased 
mortality rates of the invasive amphipod, as these amphipods may be more adapted to small 
areas and thus, are less stressed in a small container. 
 Plant traits, such as increased phenolic content or nitrogen concentrations in eelgrass, 
may contribute to the excessive grazing of eelgrass in Chesapeake Bay observed in the 
experiments. For example, Z. marina can secrete chemical compounds in response to herbivory 
that deter invertebrate grazing (Harrison, 1982). The location of secreted phenolic compounds 
within a seagrass plant can vary, likely as an adaptation to local conditions. For example, 
seagrass from Chesapeake Bay has higher concentration of phenols in the reproductive tissues, 
which may aid successful reproduction, whereas the seagrass from California has higher 
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concentration of phenols in the vegetative tissues likely to deter grazing (Reynolds et al., 2012). 
Decreased phenolic content in vegetative shoots in Chesapeake Bay may contribute to increased 
palatability of vegetative shoots, making it more prone to herbivory by A. valida. 
Increased nitrogen concentrations of Chesapeake Bay eelgrass may also contribute to 
excessive herbivory by native A. valida observed in the experiments. For example, several 
studies have identified that higher concentrations of nitrogen or lower C:N can promote 
herbivory (McGlathery, 1995; Goecker et al., 2005).  Decreased nitrogen concentrations in San 
Francisco Bay eelgrass may explain A. valida’s decreased preference for this plant tissue. 
However, Reynolds et al. (2012) found no significant effect of nutrient concentrations or 
phenolic content on feeding behavior in California A. valida. Specifically, A. valida preferred 
tissues with lower nitrogen and higher carbon concentrations. Similar to the findings of Reynolds 
et al. (2012), the results of the seagrass origin experiments suggest that the feeding behavior of 
A. valida across its native and invasive range is the result of animal traits (e.g., amphipod size 
differences), rather than plant traits (e.g., plant palatability differences). For example, California 
A. valida were found to consume significantly more total plant material than Virginia A. valida, 
while local amphipods had no preference for local eelgrass over non-native eelgrass. Thus, it is 
unlikely that there are significant differences in the phenolic or nitrogen content of Virginia and 
California eelgrass that drive A. valida’s feeding patterns. 
There are limitations to both the amphipod density experiment and seagrass origin 
experiment, which may have impacted the results observed in these experiments. For example, 
due to limited availability of fresh California Gracilaria spp., I fed Virginia Gracilaria spp. to 
both California and Virginia A. valida in the amphipod density experiment. As a result, Virginia 
A. valida were choosing between local eelgrass and local algae, while California A. valida were 
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choosing between local eelgrass and non-native algae. Directly opposite to the amphipod density 
experiment, I fed California Gracilaria spp. to both Virginia and California amphipods in the 
seagrass origin experiment. Differences in the palatability of California and Virginia Gracilaria 
spp. may explain the observed differences in A. valida’s feeding patterns in its native and 
invasive range. For example, in the presence of native eelgrass and native algae, California 
amphipods may prefer eelgrass; however, in the presence of native eelgrass and non-native 
algae, amphipods prefer algae. Feeding local amphipods native sources of algae paired with 
native sources of eelgrass should be the target of future studies (i.e., a completely orthogonal 
design).  
As this study suggests, regulatory processes that control species abundance in its native 
range may no longer exist in its introduced range (Vermeij et al., 2008) and as a result, invasive 
species can dramatically impact community dynamics differently in their native and introduced 
ranges (Hierro et al., 2005). For example, in response to reduced predation pressure in a new 
habitat, invasive species can often grow to larger sizes and/or increase its abundance (Leger and 
Rice, 2003) because they can divert resources towards growth and reproduction, rather than 
predator defenses (Lee, 2002). Vermeij et al. (2008) identified different functional roles of two 
macroalgal species across its native and invasive range as a result of varied trophic interactions. 
Specifically, the invasive macroalgae were found to have reduced predation pressure by native 
herbivores and thus, increased in abundance, while native macroalgae were significantly 
consumed. The abundant non-native species can then greatly modify ecosystem structure and 
function. For example, Wolfe (2002) identified a net reduction in herbivore pressure on 
terrestrial plants in their invaded range in comparison with their native range. As a result, the 
introduced species became a noxious weed of farmlands and pastures. Similar to these invasive 
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plants, A. valida impacts ecosystem structure and function differently across its native and 
invasive range, and varied densities and sizes of introduced species may influence its overall 
impact on natural ecosystem dynamics. 
 
Linear mixed effects model analyses versus ANOVA analyses 
Outside of providing a greater understanding of A. valida’s feeding behavior across its 
native and invasive range, this study supports the use of linear mixed effects models in analyzing 
food-choice experiments, rather than traditional methods (e.g., applying a correction factor to 
evaluate autogenic change). The use of feeding-preference experiments, in which multiple food 
types are simultaneously offered to a consumer to assess its preference, are widespread in 
ecological literature (Roa, 1992). However, traditional analyses, such as the use of applying a 
correction factor to evaluate autogenic change, have been the subject of much debate (Peterson 
and Renaud, 1989; Roa, 1992; Prince et al., 2004). Linear mixed effects models may serve as a 
viable solution to analyze multiple-choice feeding experiments as it provides greater flexibility 
during analyses and adequately account for control data on autogenic change. 
Peterson and Renaud (1989) argued that past multiple-choice feeding preference 
experiments incorrectly use controls in estimating autogenic change. Autogenic change refers to 
the changes in the food that occur independent of the action of the consumer, such as respiration 
or production (Roa, 1992). As described previously, the equation for the estimated amount of 
plant material consumed, while taking into account autogenic change, can be defined as: 
Estimated amount consumed = Tf
Cf
Ci
!
"
#
$
%
&−Ti  
The purpose of controls in feeding preference experiments are to determine the magnitude of the 
autogenic changes in the absence of consumers are assumed to be occurring in their presence 
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(Peterson and Renaud, 1989). However, the use of a correction factor is flawed in two ways. 
First, it assumes that the mass lost (or gained) by the control is also lost (or gained) by the 
experimental algae, even though the natural change in mass of the plant tissue “varies as a 
continuous function of the amount of tissue present” (Peterson and Renaud, 1989). Additionally, 
the act of herbivory may stimulate physiological or ecological changes in grazed plants that do 
not occur in control plants (Peterson and Renaud, 1989). Second, when testing the preference of 
food types, calculating a correction constant “suppresses all the variability observed in control 
replicates… ultimately underestimating the error variance and thus, overstates the level of 
statistical significance” (Peterson and Renaud, 1989). Finally, in a design such as this one, there 
is no obvious link between control and treatment replicates, other than the fact that tissue came 
from the same parent plant. If different containers are subject to additional influences, such as 
airflow, this effect is not incorporated in the autogenic change index.  
Moreover, Hay et al. (1988) identified that when conducting feeding preference 
experiments where multiple food types are offered simultaneously to a consumer, it is incorrect 
to use ANOVA (or any univariate analysis) to support significant differences in the consumption 
of each food type. Specifically, this is because the treatments (the different food types offered to 
a consumer) are not independent of one another and rather, the consumption of one food type is 
dependent on the presence of the other food type (Roa, 1992).  
ANOVA is a specific case of a general linear model, but is an unsuitable test for 
traditional food-choice assays as the non-independence of responses violate a fundamental 
assumption of the test. General linear mixed effects models are a more robust alternative, as they 
specifically model correlations among non-independent variables. Moreover, they account for 
known sources of variation, allow for unbiased estimates of treatment effects under unbalanced 
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designs, and can be fit to various non-normal distributions, sparing data transformation that put 
the response into largely uninterpretable units. 
For the purposes of my experiments, applying the autogenic change correction factor in 
an ANOVA framework to analyze food-choice data poses several concerns, such as accounting 
for the variation in growth and decay of eelgrass and Gracilaria spp. from a particular shoot of 
plant. For example, a piece of eelgrass from a low density replicate may decay faster than 
another piece of eelgrass from a high density replicate simply due to differences in initial masses. 
Assigning a correction factor constant for plant material in separate containers assumes the same 
rate of decay and growth of plant material will apply to plant material in different containers. As 
Peterson and Renaud (1989) suggest, the natural growth or decay of plant tissue varies as a 
function of the amount of tissue present. Because control and experimental plant tissue did not 
have the same initial mass, there is likely variation in the amount of mass gained (or lost) across 
all containers in the experiments. As a result, a correction factor constant incorrectly assumes a 
constant rate of growth or decay across all plant tissue.  
Additionally, ANOVAs allow no opportunity to account for the non-independence of Z. 
marina and Gracilaria spp. within a container. Rather, this method simply scales the treatment 
effects based on the “paired” response in the control container. For example, there may be 
variation in airflow or temperature to a particular container. The autogenic change correction 
factor assumes this to be natural growth or decay during the experiment, rather than variation 
that should be accounted for during analysis. Not accounting for these sources of variance 
ultimately overstates the level of statistical significance reported of whether Z. marina is 
preferentially consumed at high densities.  
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Peterson and Renaud (1989) argue that finding an adequate statistical test for the analysis 
of multiple-choice feeding preference experiments was “one of the biggest current challenges in 
ecological methodology”. However, linear mixed effects models may provide a solution to this 
long-term debate. Additional multiple-choice feeding experiments should be analyzed with the 
use of a linear effects mixed model to determine if this method can be used for future analyses.  
 
Future studies 
 Future studies should target similar feeding experiments; however, these experiments 
should pair local algae with local amphipods in order to gain insight into the natural feeding 
behavior of A. valida with native food choices. This pairing would eliminate any palatability 
differences between native and non-native food choices that may influence A. valida’s feeding 
behavior.  
Additionally, Gracilaria vermiculophylla is an invasive macroalga species that is 
abundant throughout Virginia’s Atlantic coastline that co-exists with, and is commonly 
indistinguishable from, native Gracilaria (Thomsen et al., 2009). Future studies could 
incorporate G. vermicullophyla in order to determine if A. valida’s feeding behavior changes in 
the presence of an invasive plant species. If so, this can have large implications for the future 
health and survival of seagrass beds in Chesapeake Bay and may provide insight into 
conservation measures that ensure the overall health of seagrass meadows along Virginia’s 
coastline. Specifically, conservation efforts that target the removal of G. vermiculophylla may be 
needed if amphipods have an increased preference for eelgrass in the presence of invasive algae. 
 Further, understanding the mechanism that causes density differences of A. valida (e.g., 
different predators, interspecific competition) across its native and invasive ranges may provide 
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insight into what is preventing Virginia A. valida from consuming eelgrass in Chesapeake Bay. 
Abundant natural predators may limit A. valida from increasing in abundance in Chesapeake Bay 
and thus, may prevent this amphipod from intraspecific competition and subsequent consumption 
of eelgrass. Additionally, interspecific competition among other abundant amphipod species in 
Chesapeake Bay may prevent native A. valida from thriving at high abundances in local eelgrass 
beds. Differences in bottom-up processes, such as nutrient content, may also contribute to 
varying abundances of A. valida between Chesapeake Bay and San Francisco Bay. For example, 
Whalen et al. (2013) identified strong impacts of top-down and bottom-up processes in shaping 
marine benthic communities in Chesapeake Bay. Understanding top-down and bottom-up control 
mechanisms acting on A. valida would allow for a greater insight into conservation measures for 
seagrass meadows in San Francisco Bay and Chesapeake Bay. Specifically, these efforts could 
target the maintenance or enhancement of predatory fish populations or co-existing amphipod 
populations that influence A. valida’s abundance. In turn, these efforts could reduce the 
mesograzer populations in San Francisco Bay and would maintain the low mesograzer 
populations in Chesapeake Bay, ultimately preserving local seagrass meadows.  
 
Conclusions 
Invasive species often modify community dynamics differently in their introduced range 
in comparison to their native range (Hierro et al., 2005). Biogeographic experiments comparing 
the trophic interactions of organisms in their native and invasive ranges are key to understanding 
basics of biological invasions (Reinhart et al., 2003). This study demonstrates that the density of 
mesograzers and their attributes, such as size, can greatly influence their feeding patterns and 
thus, plays a central role in determining the functional role of native and invasive mesograzers. 
 
 
30 
Further, this study emphasizes the important link that mesograzers play in shaping marine 
benthic communities, as altered trophic interactions due to increased densities or increased size 
can greatly impact the health of seagrass beds. Understanding the mechanisms that promote or 
suppress seagrass productivity can provide useful insight into conservation strategies that target 
native and invasive seagrass beds.  
Broadly, this study provides a greater understanding into the mechanisms that influence 
how native and invasive species interact with their ecosystem, as well as insight into natural 
ecosystem dynamics. In addition to demonstrating the mechanisms responsible for the variable 
functional role of A. valida in its native and invasive range, this study provides strong support for 
the use of linear mixed models and may provide a novel approach to analyzing multiple-choice 
feeding experiments in the future. 
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FIGURES 
 
 
 
 
Figure 1: Study sites located in Chesapeake Bay, Virginia and San Francisco Bay, California for the amphipod density experiment and 
seagrass origin experiment. Ampithoe valida were collected from the Virginia Institute of Marine Science (VIMS) and the Romberg 
Tiburon Center for Environmental Studies (RTC). Zostera marina was collected from Chesapeake Bay (Goodwin Islands, Cape 
Charles, and South Bay) and San Francisco Bay (Bodega Bay, Tomales Bay, and Bay Farm Island). Gracilaria spp. was collected 
from Goodwin Islands and Bay Farm Island. 
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Figure 2: Experimental design of the amphipod density experiment in Virginia (left) and California (right) under control (0 
amphipods), low density (1 amphipod), and high density conditions (5 amphipods). At each site, 30 replicates of a control, low 
density, and high density container were used (90 containers per site). Gracilaria spp. was collected from Chesapeake Bay. Z. marina 
and A. valida were collected from Chesapeake Bay in the Virginia experiment, but were collected from San Francisco Bay in the 
California experiment. 
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Figure 3: Experimental design of the seagrass origin experiment in Virginia (left) and California (right). In Virginia, 20 replicates of a 
control and treatment container were used from each sub-site (120 containers), while 30 replicates of a control and treatment container 
were used from each sub-site in the California experiment (180 containers). Note that the control (no amphipods) and treatments (1 
amphipod) are in a single container split by 500 µm mesh (not shown). Gracilaria spp. was collected from San Francisco Bay, while 
Z. marina was collected from three sub-sites in Chesapeake Bay (Goodwin Islands, Cape Charles, and South Bay) and three sub-sites 
in San Francisco Bay (Bodega Bay, Tomales Bay, and Bay Farm Island). A. valida were collected from Chesapeake Bay in the 
Virginia experiment and from San Francisco Bay in the California experiment. 
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Figure 4: Mean proportional change in mass of Z. marina and Gracilaria spp. under low density 
(1 amphipod) and high density (5 amphipods) conditions in Virginia and California. Note that 
Virginia and California represent the source of A. valida. Gracilaria spp. was collected from 
Chesapeake Bay, while Z. marina was collected from San Francisco Bay for the California 
experiment and from Chesapeake Bay for the Virginia experiment. 
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Figure 5: Mean proportional change in mass of California and Virginia Z. marina and California 
Gracilaria spp. in the absence (0) and presence (1) of Virginia and California A. valida. Note 
that data are pooled together within the Virginia and California experiment, and are only 
separated based on amphipod source. Z. marina included in each experiment is from (i) Virginia: 
Goodwin Islands, South Bay, and Cape Charles and (ii) California: Bodega Bay, Bay Farm 
Island, and Tomales Bay. Note that Virginia and California represent the source of A. valida. 
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Figure 6: Mean proportional change in mass of California and Virginia Z. marina (broken up by sub-site) and California Gracilaria 
spp. in the absence (0) and presence (1) of Virginia and California A. valida. Z. marina included in each experiment is from (i) 
Virginia: Goodwin Islands, South Bay, and Cape Charles and (ii) California: Bodega Bay, Bay Farm Island, and Tomales Bay. Note 
that Virginia and California represent the source of A. valida. 
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TABLES 
 
 
Table 1: Average length and width of Z. marina collected from Virginia and California. 
 Average length (cm) ± SE Average width (cm) ± SE 
Virginia Z. marina 47.2 ± 1.5 0.373 ± 0.01 
California Z. marina 112.0 ± 4.3 0.796 ± 0.02 
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Table 2: Virginia and California amphipod measurements. Results include the mean length, proportion of males measured, degrees of 
freedom, t-value, and p-value for both Virginia and California A. valida. Note that amphipods measured are only from the amphipod 
density experiment. 
 Mean length (mm) 
Proportion of 
males Df t p 
Virginia A. valida 9.22 ± 0.36 0.52 
63.043 -3.743 <0.001 
California A. valida 7.36 ± 0.34 0.58 
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Table 3: Amphipod density experiment results. Results include the mean proportional mass loss, standard error, and number of 
replicates of Gracilaria spp. and Z. marina in both the Virginia experiment (top) and California experiment (bottom) under control (0 
amphipods), low density (1 amphipod), and high density (5 amphipods) conditions. Note that Virginia and California represent the 
source of A. valida. Gracilaria spp. was collected from Chesapeake Bay. Z. marina was collected from San Francisco Bay for the 
California experiment and from Chesapeake Bay for the Virginia experiment. 
 
Virginia A. valida 
 Gracilaria 
Control 
Gracilaria 
Low 
Gracilaria 
High 
Z. marina 
Control 
Z. marina 
Low 
Z. marina 
High 
Mean 
proportional 
mass loss  
-0.037 -0.111 -0.245 -0.011 -0.011 -0.625 
Standard error 0.003 0.033 0.051 0.011 0.053 0.107 
Replicates 30 13 8 30 13 8 
 
  
California A. valida 
 Gracilaria 
Control 
Gracilaria 
Low 
Gracilaria 
High 
Z. marina 
Control 
Z. marina 
Low 
Z. marina 
High 
Mean 
proportional 
mass loss  
-0.040 -0.103 -0.180 -0.029 -0.065 -0.258 
Standard error 0.005 0.014 0.035 0.022 0.021 0.028 
Replicates 30 28 29 30 28 29 
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Table 4: Amphipod density experiment two-way (Type II) ANOVA results. Results include the sums of squares, degrees of freedom, 
f-values, and p-values for each variable. Amphipod source includes Virginia and California, while amphipod density includes low (1 
amphipod) and high density (5 amphipods). 
 SS Df F p 
Amphipod source 0.127 1 0.279 0.599 
Amphipod density 3.532 1 7.771 <0.01 
Amphipod source x amphipod density 0.025 1 0.054 0.816 
Residuals 33.629 74   
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Table 5: Amphipod density experiment linear mixed effects model results. Results include estimates, standard error, degrees of 
freedom, t-values, and p-values for each fixed factor and their interactions. 
Fixed effects Estimate Standard error Df t p 
Intercept -0.0397 0.2647 0.0000 -0.150 1.0000 
Amphipod source (VA) 0.0026 0.3743 0.0000 0.007 1.0000 
Plant species (Zostera) 0.0110 0.0304 213.5300 0.363 0.7167 
Amphipod density (1) -0.0636 0.0310 215.6600 -2.054 <0.05 
Amphipod density (5) -0.1399 0.0307 214.5800 -4.561 <0.0001 
Amphipod source (VA) x Plant species 
(Zostera) 0.0152 0.0430 213.5300 0.353 0.7245 
Amphipod source (VA) x Amphipod density 
(1) -0.0107 0.0504 232.2700 -0.212 0.8325 
Amphipod source (VA) x Amphipod density 
(5) -0.0665 0.0569 241.1800 -1.169 0.2437 
Plant species (Zostera) x Amphipod density (1) 0.0270 0.0438 213.5300 0.617 0.5378 
Plant species (Zostera) x Amphipod density (5) -0.0899 0.0434 213.5300 -2.074 <0.05 
Amphipod source (VA) x Plant species 
(Zostera) x Amphipod density (1) -0.0446 0.0705 213.5300 -0.633 0.5274 
Amphipod source (VA) x Plant species 
(Zostera) x Amphipod density (5) -0.3120 0.0792 213.5300 -3.941 
<0.001 
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Table 6: Seagrass origin experiment results. Results include the mean proportional mass loss, standard error, and number of replicates 
of Z. marina and Gracilaria spp. in the presence (1 amphipod) and absence (0 amphipods) of Virginia or California amphipods. Note 
that mean proportional mass loss of plant tissue is the total combined loss of plant material from both California and Virginia. Z. 
marina included in each experiment is from (i) Virginia: Goodwin Islands, South Bay, and Cape Charles and (ii) California: Bodega 
Bay, Bay Farm Island, and Tomales Bay (6 sub-sites total). 
 Virginia A. valida California A. valida 
 Gracilaria 
Control 
Gracilaria 
 Low 
Z. marina 
Control 
Z. marina 
Low 
Gracilaria 
Control 
Gracilaria 
 Low 
Z. marina 
Control 
Z. marina 
Low 
Mean 
proportional 
mass loss 
-0.027 -0.269 0.076 0.045 -0.121 -0.409 0.111 0.076 
Standard 
error 0.013 0.053 0.024 0.042 0.008 0.037 0.022 0.027 
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Table 7: Seagrass origin experiment two-way (Type II) ANOVA results. Results include the sums of squares, degrees of freedom, f-
values, and p-values for each variable. Amphipod source includes Virginia and California, while plant source sub-site includes (i) 
Virginia: Goodwin Islands, South Bay, and Cape Charles and (ii) California: Bodega Bay, Bay Farm Island, and Tomales Bay (6 sub-
sites total). 
 SS Df F p 
Amphipod source 1.05 1 0.203 0.653 
Plant source sub-site 10.09 5 0.389 0.856 
Amphipod source x plant source sub-site 27.01 5 1.043 0.393 
Residuals 1269.50 245   
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Table 8: Seagrass origin experiment linear mixed effects model results. Results include estimates, standard error, degrees of freedom, 
t-values, and p-values for each fixed factor and their interactions. 
Fixed effects Estimate Standard error Df t p 
Intercept -0.1116 0.0179 32.800 -6.224 <0.0001 
Plant species (Zostera) 0.3118 0.0222 981.400 14.054 < 0.0001 
Zostera source (VA) -0.0178 0.0254 33.500 -0.698 0.4897 
Amphipod source (VA) 0.0828 0.0274 1007.200 3.023 <0.01 
Amphipod presence -0.2907 0.0222 981.400 -13.102 <0.0001 
Plant species (Zostera) x Zostera source (VA) -0.1611 0.0319 981.400 -5.044 <0.0001 
Plant species (Zostera) x amphipod source (VA) -0.1565 0.0386 981.400 -4.058 <0.0001 
Zostera source (VA) x amphipod source (VA) 0.0183 0.0393 984.300 0.465 0.6419 
Plant species (Zostera) x amphipod presence 0.2420 0.0314 981.400 7.713 <0.0001 
Zostera source (VA) x amphipod presence 0.0017 0.0319 981.400 0.053 0.9581 
Amphipod source (VA) x amphipod presence 0.0985 0.0386 981.400 2.555 <0.05 
Plant species (Zostera) x Zostera source (VA) x 
amphipod source (VA) 0.0517 0.0555 981.400 0.931 0.3523 
Plant species (Zostera) x Zostera source (VA) x 
amphipod presence 0.0265 0.0452 981.400 0.587 0.5575 
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Plant species (Zostera) x amphipod source (VA) x 
amphipod presence -0.0996 0.0546 981.400 -1.826 0.0682 
Zostera source (VA) x amphipod source (VA) x 
amphipod presence -0.0997 0.0555 981.400 -1.794 0.0731 
Plant species (Zostera) x Zostera source (VA) x 
amphipod source (VA) x amphipod presence 0.1100 0.0785 981.400 1.401 0.1615 
 
